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Intermittent plastic deformation in crystals with power-law behaviors has been reported in previous exper-
imental studies. The power-law behavior is reminiscent of self-organized criticality, and mesoscopic models
have been proposed that describe this behavior in crystals. In this letter, we show that intermittent plasticity in
metals under tensile deformation can be observed in molecular dynamics models, using embedded atom method
potentials for Ni, Cu, and Al. Power-law behaviors of stress drop and waiting time of plastic deformation events
are observed. It is shown that power-law behavior is due to dislocation avalanche motions in Cu and Ni. A
different mechanism of dislocation pinning is found in Al. These different stress relaxation mechanisms give
different power-law exponents. We propose a probabilistic model to describe the novel dislocation motion in
Al, and analytically deduce the power-law behavior.
I. INTRODUCTION
Many efforts have been devoted to understanding the plas-
ticity of metals from both fundamental and industrial motiva-
tions, but the nature of plasticity has not been fully understood
yet. Plastic deformation is a complex non-equilibrium process
with metastable structures, such as dislocations, disclinations,
grain boundaries, or other defect structures. Recent experi-
mental and theoretical investigations into plastic deformation
from the viewpoint of non-equilibrium physics demonstrated
intermittent and power-law behaviors, P(x) ∝ x−α, in plastic-
ity of crystals [1–8], where x is event size and α is a constant
specifying the character of the system, called a power-law ex-
ponent [9, 10].
Discontinuous deformation motions producing power-law
behaviors in metallic alloys have been investigated experi-
mentally by Ananthakrishna and his coworkers [1, 2]. Mea-
surements of acoustic emission (AE) during creep of ice and
hexagonal-close-packed (hcp) single crystals having single-
slip systems showed acoustic energy bursts with power-law
distributions [3, 4]. (Similar behaviors in AE measurements
of metals had also been reported in 1970s, the early years
of AE techniques [11, 12].) In multi-slip crystals, such as
face-centered-cubic (fcc) metals, the same behavior was also
observed in experiments and simulations [5–8], and it was
pointed out that the existence of intermittency raises prob-
lems for plastic forming of materials at micrometer scale [6].
Studies of polycrystals suggested the connection between the
intermittency and mechanical properties of polycrystals (Hall-
Petch’s law) [13, 14]. In addition, similar intermittent behav-
iors were observed in experiments and simulations of defor-
mation in amorphous solids [15–21]. These studies indicate
that such intermittent behaviors are a common property of
plasticity, and understanding of such behaviors is crucial for
revealing the nature of plasticity in crystalline materials, es-
pecially in metals.
The appearance of the power-law distribution suggests
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the manifestation of self-organized criticality (SOC), tuned
criticality, or other non-equilibrium critical phenomena [9,
22]. SOC is known as a ubiquitous phenomenon in non-
equilibrium systems, and has been studied in many fields,
including physics, geology, economics, and biology [9, 10].
However, it is not yet completely clear that the power-law be-
havior in plasticity is related to SOC, tuned criticality, or other
non-equilibrium critical phenomena.
There are some tentative explanations for the emergence of
intermittency and power-law behaviors in plasticity. The dis-
location avalanches description as one of the explanations for
the intermittency was suggested by discrete dislocation dy-
namics (DDD) simulations; the intermittency arises from the
self-organization of metastable jammed dislocation configura-
tions resulting from the long-range elastic interaction between
dislocations and avalanche-like motion of dislocations caused
by destruction of such metastable configurations [3, 6]. Elas-
tic manifold depinning transition was also proposed as an ex-
planation for intermittency [23]. Thus, the mechanism of in-
termittency of crystalline plasticity is still a controversial topic
[24].
The dislocation avalanches were confirmed in not only
single-slip crystals but also multi-slip crystals, such as fcc
metals, by three-dimensional DDD simulations [6]. However,
unlike single-slip systems whose slips are dominated by only
the elastic interaction between dislocations, dislocation cross-
ing (entanglements of lineal dislocations), dislocation cross-
slips, or other multi slip dynamics might play an important
role in multi-slip systems. For instance, dislocation cross-
ing can produce defect structures based on material proper-
ties, such as vacancy formation energy. Such defect struc-
tures might play a key role in intermittent plasticity due to the
interaction between the defects and dislocation motion. For
complete treatment of such atomistic scale defect evolution in
multi-slip crystals, atomic scale models are indispensable.
While many numerical simulations for intermittent crys-
talline plasticity using mesoscopic scale models such as a
phase-field model, lattice spring models, cellular automaton
models, discrete dislocation models, a mean-field model, and
continuous models, etc. have been executed so far [3, 6, 13,
18, 24–28], realistic atomic scale simulations, i.e., mole
2dynamics (MD) simulations, reproducing the power-law be-
havior have never been performed.
A numerical investigation similar to MD simulations has
been performed by Moretti and his coworkers, who showed
that simulations employing two-dimensional overdamped dy-
namics for small (colloidal) crystals with a simple pairwise
interparticle interaction reproduce power-law behaviors [29].
Nevertheless, in order to study inherent features originating
from atomic scale mechanical properties of individual mate-
rials, more extensive simulations, such as three dimensional
MD simulations employing realistic many-body interatomic
potentials, are necessary.
In this article, we report that intermittent-plasticity with
power-law behavior is exhibited in realistic three-dimensional
atomic scale models of fcc metals with embedded atom
method potentials [30–32]. Specifically, MD simulation re-
sults are presented for nickel and copper that are consistent
with power-law behaviors observed experimentally [5, 7]. Re-
sults are also presented for aluminum whose vacancy forma-
tion energy and width of extended dislocations depending on
the stacking fault energy are relatively smaller than those of
Cu and Ni. The simulation results show that the power-law
behavior of Al is different from that of Cu and Ni. Based on
these results we show how the material parameters affect the
non-equilibrium critical behaviors.
II. MODEL AND NUMERICAL METHOD
For the initial configuration of our MDs, the perfect lattice
configurations under periodic boundary conditions described
as follows were used. At first, let us consider an fcc lattice
with the lattice constant, d, whose x-, y- and z-axis are along
the (11¯1), (112), and (1¯10) directions, respectively. Next,
we tilted the lattice around the y-axis with the angle θ =
tan−1(3∆Lz/2∆Lx) ≃ 31.48 degree, where ∆Lx =
√
33/2d,
∆Ly =
√
3/2d, and ∆Lz =
√
11d. This choice of orientation
of the lattice is to reduce slip planes for the sake of easiness
of analysis (the present orientation contains only two primary
slip systems, because these have the largest Schmid factor in
this orientation [33]). To fill a periodic boundary simulation
cell with this tilted lattice completely, we chose the cell di-
mension (8∆Lx, 25∆Ly, 5∆Lz). This cell is filled with 66000
atoms and will be a cubic shape whose length, L, is nearly
10 nm after 50 percent tensile deformation along the z-axis if
the cell volume remains constant. In addition, we also em-
ployed a larger cell with the dimension (11∆Lx, 35∆Ly, 7∆Lz)
consisting of 177870 atoms, which corresponds to a cubic di-
mension with L = 14 nm after the deformation.
After relaxing the above configuration by the steepest de-
scent method, we added random initial velocities to all atoms.
Next, we added uniaxial tensile deformation to the model
along the z-axis at the constant strain rate ε˙ = 109 1/sec dur-
ing 500 picoseconds (ps). This strain rate is very much higher
than that employed in experiments but it allows us to observe
phenomena in the limited time period that can be simulated
with MD simulations. Essential features of plasticity can be
picked up even under such a strain rate, because the rate is
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FIG. 1. (a) (Color online) Typical examples of the stress-time curve obtained
from the MDs, where the curves of Cu, Ni, and Al are colored red (gray solid
line), blue (gray dotted line), and black, respectively. The curves in the range
of 180 - 510 ps are imposed. (b) (c) The enlarged curves of Al.
sufficiently slow compared to the velocity of dislocation mo-
tions during the MD simulations. (The dislocation velocity in
our MDs is comparable with the sound speed of crystals un-
der the stress level.) This means that the external deformation
works as a slow driving force necessary for emergence of non-
equilibrium critical behaviors, especially SOC [9]. Moreover,
it is known that some MD simulations with extremely high
strain rate conditions exhibit typical mechanical properties,
such as grain-boundary diffusion creep, Hall-Petch relation
and reverse Hall-Petch effect, which agree with experimental
results [34–36].
To suppress the thermal fluctuation concealing the stress
drops due to plastic deformation, we controlled the tempera-
ture at 10 K by velocity scaling. The pressures along x and
y directions were controlled at zero by the Parinello-Rahman
method without shear deformation [37]. The MD simulations
were realized by the velocity form of the Verlet algorithm for
integrating Newton’s equation of motion, with an integration
time step 2 femtoseconds. Simulations were performed 20
times with different initial velocities of atoms.
III. RESULTS AND DISCUSSION
Typical examples of the resultant stress-time curves, σz(t),
which were averaged over 0.2 ps interval to remove thermal
fluctuations, are depicted in Fig. 1(a). After the first largest
drops of the stress all the materials show serrated curves. The
noteworthy feature is that one can see self-similarity reminis-
cent of scale-free structure in the magnified serration curve
[Figs. 1(b) and (c)]. This trend suggests that power-low be-
haviors occur in the deformation.
To examine statistics of these stress serrations, we focused
on stress drops originating from plastic deformation events
[1, 2, 17]. Here we regard a time region when the stress
σz(t) monotonically decreases as the region of a plastic de-
formation event. Thus, the value of stress drop is defined by
the stress released during one deformation event [Fig. 1(c)]:
∆σz = σz(t0 + δ) − σz(t0), where δ and t0 are duration and
occurrence time of the event, respectively. Waiting time of
each event is defined by τ = t0 − (t′0 + δ′), where t′0 and δ′
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FIG. 2. (Color online) Log-log plots of the probability distributions of (a)
stress drop ∆σz and (b) waiting time τ. Open red squares, open blue circles,
and solid black circles are for Cu, Ni, and Al, respectively. Open diamonds
indicate the results with the larger simulation cell for Al (14 nm on a side).
are the previous occurrence time and duration, respectively.
We calculated the stress drops and waiting times from all the
stress-time curves obtained from our MDs, excluding the first
stress drop events.
The plots of probability distributions of stress drop and
waiting time in Fig. 2 shows that all the distributions clearly
follow power-laws with exponents βs ≃ 1.2 - 1.6 for stress
drop and βw ≃ 1.5 - 2.2 for waiting time, where the distribu-
tions of Al are shifted along the vertical axis to facilitate visu-
alization. These results suggest that the plastic deformation of
the present study has strong intermittency and scale invariance
for both time and event size. The exponent βs is consistent
with the previous studies [1, 3, 5–7], although precise eval-
uation of the exponents requires more extensive studies be-
cause the values depend on the number of samples, averaging
time interval and event-detection techniques [10]. Note that
we confirmed that the exponents of the stress drop distribu-
tion remain in the range from one to two even if the averaging
interval is made shorter.
Let us focus now on the apparent differences between the
values of the power-law exponents for Al compared to those
of Cu and Ni. It is well-known that the exponents reflect, in
general, the universality class to which the phenomenon be-
longs, and the values depend on the universality class. The
intermittent plastic deformation of crystals is believed to be
in a certain common universality class [3, 6, 38]. If this is
true, one expects to obtain the same exponent values for in-
termittent plastic deformation even if the material is differ-
ent. However, the distributions of Al have smaller exponents,
(βs ≃ 1.2, βw ≃ 1.5), than those of Cu and Ni, (βs ≃ 1.6,
βw ≃ 2.2) [Fig. 2]. (We also confirmed that this magnitude re-
lation between the exponents of Al and Cu/Ni is independent
of the average interval.) This difference in the exponent values
suggests that the deformation mechanism in Al is different to
that of Cu and Ni, even though they are all fcc metals.
To clarify the deformation mechanisms in Cu, Ni, and Al,
we investigated the dynamics of defect atoms during the de-
formation process by employing common neighbor analysis
which can distinguish defect atoms constructing dislocations,
stacking faults, vacancies, and other defects from lattice-
structured atoms [39, 40]. Typical snapshots of defect atoms
in the present simulations, obtained with an open visualization
tool (OVITO) [41], are shown in Fig. 3 (for movies, see sup-
plementary material [42]). Figures 3(a) and (b) for Cu and Ni
crystals shows the formation of some stacking faults (colored
pink or light gray), which span the periodic cell, and inter-
facial dislocations on the stacking faults. These dislocations
have obviously a linear shape [Fig. 3(d) and (e)], and showed
intermittent collective behavior due to the elastic interaction
between them [42]. This picture is consistent with disloca-
tion avalanches [3]. In contrast with these results for Cu and
Ni, the results for Al showed that, instead of stacking faults,
a number of defect or disordered structures (colored blue or
dark gray) were created by nucleation, annihilation and cross-
ing of dislocations [Fig. 3(c) and (f)] (for movies, see also
supplementary material [42]).
The constituent atoms of these defect structures in Al mul-
tiplied and formed dozens of clusters during the tensile defor-
mation. We show a typical configuration of defect atoms in Al
at 500 ps on a sliced section diagonal to the simulation cell in
Fig. 4(a), where the section has 0.63 nm thickness. The size
of these defect clusters has a wide range and, the distribution
seems to have a power-law tail as shown in Fig. 4(b):
Psize(N) ∝ N−γ, (1)
where N is the number of atoms constituting one defect clus-
ter. While the precise estimation of the exponent γ is difficult
due to the curvature of the distribution originating from its
cut-off, one can roughly estimate γ to be around 2.
The MD results for Al show the behavior that dislocations
are often pinned by the clusters and then abruptly depinned,
similar to the dislocation motion in crystals containing precip-
itates. During the process, defect clusters spontaneously and
slowly increase and decrease in size. This implies that defect
clusters act as quenched disorders for dislocation motion. It is
expected that this difference between the dislocation behavior
of Al and that of the dislocation avalanche picture is the rea-
son why different power-law exponents are obtained for Cu/Ni
and Al.
These clear differences between Cu/Ni and Al are ascrib-
able to material parameters such as stacking fault energy and
defect formation energy. The lower stacking fault energy of
Cu and Ni supports the development of stacking faults in these
materials. The development of defect clusters which effec-
tively change the relaxation dynamics is attributed to rela-
tively low vacancy formation energy of Al. In other words,
the values of material parameters such as vacancy formation
energy can affect the critical behavior in crystalline plastic de-
formation.
The exponent of Cu and Ni, in which domains are divided
by twin boundaries, is larger than the exponent of Al which
is without twin boundaries. This trend might be related to
extremely high strength and ductility in copper with high den-
sity nano twins [43], because the larger exponent means sup-
pression of large scale deformation events. Therefore, the in-
vestigation of power-law behaviors in the intermittent plastic-
ity may give us insights for designing nanostructure materials
with excellent mechanical properties.
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FIG. 3. (Color online) Snapshots of defect atoms in Cu at 272 ps [(a) and
(d)], Ni at 207 ps [(b) and (e)], and Al at 211 ps [(c) and (f)]. The same con-
figurations as the upper panels are shown in the lower panels, where defect
atoms are colored according to their z-coordinate, from z = 0 to maximum
cell length Lz and stacking fault atoms are removed. The white arrows in-
dicate one of the linear interfacial dislocations. (see Supplemental Material
[42].)
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FIG. 4. (a) (Color online) Snapshot of defect atoms on a section diagonal to
the simulation cell of Al, where projected coordinates on the x − z plane are
shown. The atoms are colored according to their clusters. (b) Log-log plot of
the size of defect clusters in Al. Solid circles and open diamonds are results
for the simulation cells with side length L = 10 and 14 nm, respectively.
IV. DEFECT CLUSTER PINNING PICTURE
In order to explain that pinning and depinning motion in Al
can produce power-law behaviors, we propose a basic model
describing this type of dislocation motion and prove that the
model shows power-law behaviors.
As described above, a defect cluster in Al works as an ob-
stacle to dislocation motion. The pinned dislocation would
cut through the cluster by an increased external shear stress
σe originating from tensile deformation, and then would be
released from the pinning. After that, the dislocation moves
until being trapped by another cluster. This movement corre-
sponding to an individual deformation event relaxes the exter-
nal stress and produces a stress drop ∆σ.
Here we propose a simple description of the above behavior
in Al as a one dimensional probabilistic model by employing
the following assumptions. First, we exclude the formation
and development of the defect clusters from this model, and
assume that the clusters already exist. We assume that (i) there
is only one straight dislocation which collides with the clus-
ters one at a time. (ii) Migration of the dislocation from one
cluster to the next causes plastic deformation and decreases
the external stress σe by a constant value δσ. (iii) We here
consider that a defect cluster serves as a precipitate in crys-
tals. It is well-known that the critical resolved shear stress of
a precipitate is, in most cases, proportional to some power of
the size of the precipitate (e.g., see the section 5.6 in the ref-
erence [44]). Thus, the resistance, τR, of the cluster can be
described as a function of its size N: τR ∝ Nη, where η is a
constant. (In general the resistance of a precipitate is repre-
sented by a function of its diameter. However, introducing an
atomic volume one can easily transform the diameter to the
number of atoms composing the precipitate.) Using the size
distribution of a defect cluster [Eq. (1)], the resistance is also
determined by the power-law:
PR(τR) = τR−λ−1/Z (2)
where Z and λ are a normalizing constant and power-law
exponent, respectively. The exponent can be evaluated as
λ = (γ−1)/η by transforming the random variables in Eq. (1).
Introducing the lower limit τmin to avoid the divergence of in-
tegration, one can obtain Z = τ−λ
min/λ. (iv) If the external stress
is less than the resistance of an encountered cluster (σe < τR),
the dislocation is trapped by the cluster and the present defor-
mation event is finished. Subsequently,σe increases due to the
external tensile deformation, then the trapped dislocation will
be depinned when the increased σe exceeds τR of the cluster.
On the contrary, (v) if σe > τR, the dislocation passes the
cluster without being trapped and migrates to the next cluster.
This assumption allows the dislocation to pass multiple clus-
ters before being trapped and to produce a large stress drop.
When the dislocation passes n − 1 clusters and is trapped by
the n-th cluster the stress drop will be ∆σ = nδσ.
From the above theoretical model, we analytically deduce
the probability P(n) that one deformation event releases stress
nδσ. To evaluate P(n) we consider the cumulative probability
distribution Pcum(n), that the stress drop exceeds nδσ, corre-
sponding to the probability that a dislocation passes more than
n− 1 clusters without being trapped. Here the probability that
a dislocation passes a cluster under the external stress σe, i.e.
the probability that an encountered cluster has resistance less
than σe, is calculated by the following:
G(σe) =
∫ σe
τmin
PR(τR)dτR = 1 − (σe/τmin)−λ . (3)
If a dislocation was pinned by a cluster with resistance τR at
first, σe will be τR when the dislocation is depinned from the
cluster. Therefore, the probability that the dislocation passes
more than n − 1 clusters after depinning from the cluster is
denoted by Pcum(n | τR) = ∏n−1k=1 G(τR − kδσ). Averaging this
conditional probability over τR leads to the cumulative proba-
bility:
Pcum(n) =
∫ ∞
nδσ
PR(τR) Pcum(n | τR) dτR, (4)
where the lower limit nδσ is introduced because of the condi-
tion, τR − nδσ ≥ 0, for the positivity of G(τR − kδ).
This integral is complicated so we adopt the following ap-
proximations. Firstly, the term [(τR − kδσ) /τmin]−λ can be
considered small because of the smallness of τmin. From this∏n−1
k=1 G(τR − kδσ) can be approximated to only first order
5terms: Pcum(n | τR) ≃ 1 − ∑n−1k
(
τR−kδσ
τmin
)−λ
. Secondly, notic-
ing the smallness of kδσ/τR, one can expand and ignore the
higher order terms;
(
τR−kδσ
τmin
)−λ ≃ (τR/τmin)−λ(1 + kλδσ/τR).
This approximation makes the summation computable, so the
integrand is rewritten in an integrable form at last:
PR(τR)Pcum(n | τR) ≃ τR−λ−1 − n − 1
τmin−λ
(
τR
−1 +
nλδσ
2
)
τR
−2λ−2.
(5)
Now we can easily execute the integral. If we consider only
the lowest term of the result, one can obtain a power-law cu-
mulative distribution: Pcum(n) ∝ n−λ. This result corresponds
to the formula for the non-cumulative probability distribution,
P(n) ∝ n−βtheos , where βtheos = λ + 1 [45]. This means that
the present one-dimensional model has a power-law behavior
with the exponent (λ + 1).
Recalling the exponent, γ ≃ 2, obtained from Fig. 4(b), we
can now calculate the theoretical exponent of stress drop as
βtheos = λ + 1 = 1 + 1/η. Assuming η = 5, one can obtain the
value 1.2 which agrees with the value estimated in the MDs
[Fig. 2(a)]. This assumption lacks corroborative evidence, but
βtheos remains around unity unless η is considerably smaller
than unity. This robustness suggests the essential correctness
of the present model.
The present one-dimensional picture has some problematic
assumptions: Actually, a dislocation can come into contact
with multiple defect clusters simultaneously. Thus, our as-
sumption that a dislocation encounters clusters sequentially
might be too simplified. For the quantitative agreement of
theoretical and numerical results, an effective resistance dis-
tribution including the two-dimensional interaction between a
dislocation and multiple defect clusters is required. Deduc-
ing the actual distribution from numerical or theoretical ap-
proaches is a subject for the future. Also, the proportional re-
lation between the resistance and size of the defective clusters
should be established in future research, which might require
some additional numerical simulations. The most important
aspect, however, is that the difference between the theoreti-
cal and numerical exponents is only small. This agreement
implies the adequacy of the present theoretical model for de-
picting the intermittent plasticity in Al.
One might consider the present model has some analogy to
the model for domain-wall dynamics in ferromagnetic materi-
als, and the mean-field model which provides predictions that
agree with some experimental results of intermittent plastic-
ity [8, 27, 46]. However, the former is a continuous model
and the latter is a cellular automaton model. In contrast, our
model is a probabilistic process. The mean-field model and
our suggested model have obvious differences in the treat-
ment of dislocation motion: the present model describes the
motion of dislocation itself, as explained above. Another sig-
nificant difference between them is the distribution of thresh-
old and arrest stress: a polar function is employed in the
mean-field model whereas the power-law distribution is used
in our model. This difference might explain the different val-
ues of the power-law exponents originating from dislocation
avalanches and defect cluster pinning.
It is known that the power-law exponent of the avalanche
distribution of the domain-wall model for ferromagnetic ma-
terials depends on the rate of the external field [46]. Thus,
from the similarity between the domain-wall model and our
theoretical model, one might suppose that the power-law ex-
ponent of the stress drop in Al also depends on strain rate of
tensile deformation. However, the exponent is not expected to
be as sensitive to the rate as in the domain-wall model. The
reason is that experiments which employed strain rates more
than ten orders of magnitude slower than in our simulations
have obtained similar exponent values to the values obtained
from our MD simulations [4, 5, 8]. The clarification of the
rate-dependence is an issue for future study with more exten-
sive MD simulations.
The approximations used in the above to reduce Eq. (5) are
equivalent to ignoring the term Pcum(n | τR) in Eq. (4). This
means that the distribution of resistance supposed from the
size distribution of defect clusters, Psize(N), is the primary ori-
gin of power-law behaviors. Thus, in this model the scale in-
variant feature of self-organized defect clusters produces the
intermittent plasticity in Al.
V. CONCLUSION
In order to investigate the intermittent crystalline plasticity
and influence of material characteristics upon the criticality
of the plasticity, we have performed molecular dynamics sim-
ulations for uniaxial tensile deformation of Ni, Cu, and Al
under the constant strain rate, temperature and pressure con-
ditions by using the embedded atom method potentials. The
simulations successfully reproduced power-law behaviors of
stress drop and waiting time of deformation events. However,
the power-law exponents for Cu/Ni and Al were found to be
different. Moreover, the dominant mechanism producing the
power-law behavior seem to be different in the case of Al.
Larger exponents (βs ≃ 1.6) are obtained from the power-
law tails of the stress drop distributions of Cu and Ni, and a
smaller exponent (βs ≃ 1.2) is obtained from the distribution
of Al. Dislocation avalanche like behaviors were observed in
Cu and Ni, whereas Al showed depinning motion of disloca-
tions from self-organized defect clusters.
To describe how the latter behavior produces a power-law
distribution we proposed a simple one-dimensional model
and analytically deduced the power-law distribution from the
model. This model indicates that scale invariance of defect
clusters produces the power-law features of the intermittent
plasticity in Al. The results indicate that differences in ma-
terials can affect the universality of the critical behavior in
intermittent plasticity of crystals. In order to confirm this, it is
necessary to accurately determine the critical exponent values.
On the other hand, the difference of the power-law exponents
in Al and Cu/Ni might be an artifact depending on measure-
ment method or conditions, such as system size, boundary
condition, strain rate, temperature, inertia etc. To elucidate
the above points more extensive studies employing molecular
dynamics simulations are required.
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